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Abstract
Timbre and pitch cues, though definitionally and physically distinct
characteristics of sound, are attributes of all sound signals. A body of literature has shown
that alteration of one characteristic can influence the perception of the other; e.g., speech
spoken with an atypical contour of pitch can influence a listener's accuracy in identifying
the words spoken; conversely, whether a melodic contour is presented via a MIDI piano
representation or as sung speech can influence the accuracy of identification of the
pitches' contour. Trends for these interactions have been documented for normal hearing
children and adults, as well as postlingually deafened adult cochlear implant users.
Findings have differed in some capacities between the two listening statuses, attributed in
part to impoverished frequency resolution of signals delivered by CIs. Prelinguallydeafened young cochlear implant users were examined in this study to observe whether
trends persisted for this population, who have briefly, or never, experienced sound
perception via acoustic auditory pathways. Additionally, demographic factors and
cognitive measures (auditory working memory, nonverbal IQ, and receptive vocabulary)
were examined for correlation to word identification and melodic contour identification
(MCI) measures within this study.
Outcomes for this population largely aligned with existing literature. Speech
presented with atypical pitch contours reduced word identification accuracy; however,
unlike the relation between adult NH and CI populations, where CI users show greater
vulnerability to reduction in word identification when presented atypically contoured
speech, the subjects of this study showed a comparable level of decrement relative to
their NH peers. When the frequency-spacing between notes in a melodic contour was
vi

discriminable, these participants matched trends to NH peers for influence by timbre
alteration. Lastly, auditory working memory showed robust correlation within outcomes
for both MCI and word identification measures.
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1. Introduction
Timbre and pitch cues each contribute to speech and melody perception. The
contribution to perception by each domain has been studied in normal-hearing (NH)
listeners using experimental manipulations. Pitch, the subjective perception of frequency,
is based on both fundamental frequency (F0) and harmonic content of a signal and can be
affected by the contextual contour and frequency intervals of change in a sequence of
sounds composing a melody (Dowling & Fujitani, 1971; Luo et al., 2019). Pitch is
utilized in speech perception for evaluation of vocal emotion (Luo, Fu, & Galvin, 2007;
Murray & Arnott, 1993), identification of talkers (Carey, Parris, Lloyd-Thomas, &
Bennett, 1996), segregation of sound sources (Assmann & Summerfield, 1990; Binns &
Culling, 2007; Brokx & Nooteboom, 1982; Cullington & Zeng, 2008; Darwin, 2008;
Drullman & Bronkhorst, 2004; Nelson & Jin, 2004), and recognition of lexical tones
(Deutsch, Henthorn, & Dolson, 2004). Timbre is the perception of the acoustic features
which remain when fundamental frequency, loudness, and duration are controlled for
(Grey, 1975), such as spectral and temporal envelope information (Moore, 2008), and is
utilized for perception of phonemic information in speech (Carlson, Granström, & Klatt,
1979; Goswami, Fosker, Huss, Mead, & Szűcs, 2011; Molis, 2005; Swanpoel,
Oosthuizen, & Hankom, 2012) and in music for identification of instruments (Saldanha &
Corso, 1962). While these two attributes of perception are definitionally distinct, they cooccur in all acoustic signals and experimental alteration of each factor has been shown to
influence the perception of the other by adult (e.g., Allen & Oxenham, 2014) and child
NH listeners (e.g., Nie et al., 2018).
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Cochlear implant (CI) users receive auditory signals with substantially degraded
frequency resolution, which detrimentally reduces their identification of pitch contour
(Crew, Galvin, Landsberger, & Fu, 2015; Dorman, Gifford, Spahr, & McKarns, 2008;
Galvin, Fu, & Nogaki, 2007; Gfeller et al., 2002; Kong, Stickney, & Zeng, 2005;
McDermott, 2004) and timbre (e.g., Kong, Mullangi, Marozeau, & Epstein, 2011). Like
NH listeners, adult CI users’ processing of one attribute is affected by the variations in
the other (Luo, Soslowsky, & Pulling, 2019). With respect to the processing of speech
timbre (measured in word identification), it has been suggested that post-lingually
deafened adult CI users are more vulnerable to the variation of pitch contour than NH
adults (e.g., Crew, Galvin, & Fu, 2016). However, using musical stimuli, the effect of
timbre variation on pitch contour identification has shown a somewhat similar pattern
between post-lingually deafened CI users and NH listeners, although CI users show much
poorer pitch contour identification than NH listeners regardless of the timbre conditions
(Galvin, Fu, & Oba, 2008; Galvin, Fu, & Shannon, 2009).
Pre-lingually deafened individuals who have received electrical hearing at early ages
may show different patterns for the interaction of these variables from post-lingually
deafened adult CI users and from NH listeners. Unlike post-lingually deafened CI users,
pre-lingually deafened CI users with limited residual acoustic hearing acquire auditory
experience predominantly, if not entirely, from electrical stimulation following activation
of the CI. Among the pre-lingually deafened CI users, those who have received the
implantation at approximately three years of age or younger, on average, have exhibited
near-normal rates of developing auditory skills (McConkey Robbins, Koch, Osberger,
Zimmerman-Phillips, & Kishon-Rabin, 2004) and auditory-evoked cortical potentials
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(Sharma, Dorman, & Spahr, 2002) at 6 to 12 months following the activation of the
device. However, in general, pre-lingually deafened children CI users (implanted at both
early and late ages) have shown poorer pitch detection and discrimination with singlesegment signals than age-matched NH children, with average discrimination thresholds
of 2-3 semitones for the pre-lingually deafened CI children (Deroche, Lu, Limb, Lin, &
Chatterjee, 2014; Jung et al., 2012) in contrast to 10-20 cents for the NH children
(Deroche et al., 2014). When compared with those adult CI users who were implanted
post-lingually, pre-lingually deafened child CI users perform poorer in both pitch
discrimination and detection, but to a degree comparable to that for NH listeners, with
poorer performance for children than adults (Deroche et al., 2016); these results were
interpreted as a result of developmental effects by the researchers. Examinations of
melodic pitch and timbre perception have revealed that pre-lingually deafened child CI
users perform poorer than their age-matched peers with normal hearing in melodic
contour identification (MCI) (Jung et al., 2012) and musical timbre discrimination (InnesBrown, Marozeau, Storey, & Blamey, 2013; Sjoberg et al., 2017); but as of yet, there are
no assessments of how these two worsened attributes of perception may influence one
another in these tasks for pre-lingually deafened child CI users.
Recently, there has been an increasing interest in studying the effect of cognitive
functions on speech recognition for CI users given expectation for greater involvement of
top-down processing due to degraded auditory cues provided via the devices. A number
of studies have examined the relationship between speech recognition and select
cognitive functions—including auditory working memory (Kronenberger, Pisoni,
Henning, Colson, & Hazzard, 2011; Nittrouer, Caldwell-Tarr, & Lowenstein, 2013) and
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receptive vocabulary (Ching et al., 2018; Blamey et al., 2001)—in pre-lingually deafened
CI users. One major framework for understanding auditory working memory has been
described by Baddeley (1966, 1992, 1995, 2007), wherein this cognitive factor is divided
into multiple components— a phonological loop (storage), central executive (processing),
and episodic buffer (integration of long-term memory with new information). Nittrouer et
al. (2013) examined these components with a task in which recall accuracy (storage) and
rate of recall (processing) were assessed for rhyming and non-rhyming nouns and
adjectives. This examination showed that the two factors could be parsed as noncorrelating outcomes and were thus largely independent. Studies currently support that
auditory working memory, which can be estimated by forward and backward digit span
tests (the latter being a closer examination of the processing subsystem of the Baddeley
model) correlates with CI listeners' performance with speech recognition tasks (Nittrouer,
Caldwell-Tarr, Low, & Lowenstein, 2017; Pisoni, 2000; Pisoni & Geers, 2000; Pisoni,
Kronenberger, Roman, & Geers, 2011; Pisoni & Cleary, 2003). Geers, Brenner, and
Davidson (2003) assessed several predictor variables for speech recognition outcomes by
pre-lingually deafened child CI users, finding nonverbal intelligence, as measured by The
Video Game Test of Speech Pattern Contrast Perception (Boothroyd, 1997), to be a
significant predictor. With respect to the relationship between MCI performance and
cognitive functions, there is limited research, although one study (Torppa et al., 2013) has
shown that auditory working memory, but not nonverbal IQ, affects the performance on
MCI for pre-lingually deafened child CI users.
In summary, compared with NH listeners, post-lingually deafened CI users have
shown poorer ability to identify or discriminate pitch or timbre. With respect to the

6
effects of variation of one attribute on the perception of the other, post-lingually deafened
adult CI users’ timbre perception is more vulnerable to pitch variation than NH listeners,
whereas the perception of pitch has been reported to be affected by variation of timbre to
a comparable extent between the two listener groups. Some research has shown poorer
performance of pre-lingually deafened child CI users than their age-matched peers or
post-lingually deafened adult CI users in identification of melodic contour and music
timbre. Due to the lack of experience with acoustic hearing by pre-lingually deafened CI
users compared to the other two listeners groups, including NH children and postlingually deafened adult CI users, it is unclear whether and how the pre-lingually
deafened CI users’ globally weaker ability in processing pitch or timbre is affected by the
variation of the other property, especially when compared with NH listeners.
Additionally, relationships between speech recognition and some cognitive functions,
such as auditory working memory, receptive vocabulary, and nonverbal IQ have been
reported for both post-lingually and pre-lingually deafened CI users. Thus, it is of interest
to investigate how these cognitive functions may affect the complex processing of pitch
and timbre in pre-lingually deafened CI users. To study the aforementioned questions, the
current work was conducted with the following specific aims.
First, this study aimed to examine and compare the ability of pre-lingually deafened
young cochlear implant users to identify melodic contours (a pitch perception-based task)
presented with various timbre complexities: as a MIDI piano, a repeated word ("Bob":
i.e., "fixed word"), or a random concatenated sentence from a closed set of words (Crew
et al., 2015). The expected outcomes of this examination were that MCI for this
population would be worse compared to normal-hearing children's ability, that MCI
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would be worsened by increasing complexity of timbre (i.e., MIDI piano as the least
complex, fixed word as more complex, and random sentences as the most complex), and
that MCI performance would increase if the frequency difference between consecutive
notes in the melodic contour was increased. This third expectation was examined by
presenting melodic sequences composed of 5 notes in which all consecutive notes were
either 1, 2, or 3 semitones separated; it was expected that melodic contours with 1semitone-spacings between notes would be identified worst due to the poor frequency
resolution of cochlear implants and that the greater semitone-spacings would result in
greater performance.
Second, this study aimed to examine and compare the speech timbre perception
ability of pre-lingually deafened young CI users by identification of concatenated words
from a closed set forming a sentence with various pitch contours: sentences spoken
naturally, sentences presented with random pitch contours (from 9 possible contours,
"random pitch contour"), and sentences with constant pitch across the concatenated
words ("flat pitch contour"). Based on work examining perception of accented speech by
cochlear implant users (Ji, Galvin, Chang, Xu, & Fu, 2014), the expected outcome was
that performance in this word identification task would be worsened as the pitch contours
became less like natural speech; i.e., that spoken sentences would result in the best
performance, but that random and flat voice pitch contours (unnatural) would result in
poorer performance. Based on a study by Andre and Nie (2018) of normal-hearing
children showing that the last word within these concatenated sentences was identified
correctly more often than other words in the sequences, it was expected that identification
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accuracy of words by word position within the sentences would show this same trend
with the group examined in this study.
The third objective of this study was to examine how the cognitive measures of
auditory working memory, receptive vocabulary, and nonverbal IQ correlate to
performance in the MCI and word identification tasks. Tao, Deng, Jiang, Galvin, Fu, &
Chen (2014) showed that Mandarin-speaking CI users demonstrate significant correlation
between auditory working memory scores, measured using forward and backward digit
span tests, and speech perception measures. Andre & Nie (2018) showed that auditory
working memory was predictive of identification accuracy for the 2nd through the 5th
word positions of a 5-word concatenated sentence by NH children. Due to involvement of
serial recall in both the MCI and word identification tasks, it was expected that
participants with greater working memory, as measured by a forward digit span recall
tasks, would perform better. While Mayer, Hannet, and Heaton (2016) demonstrated
positive correlation between receptive vocabulary measures and pitch discrimination by
NH listeners, this was not expected to be seen in this study due to anticipated worse
performance in MCI tasks by CI users resulting from poor spectral resolution of the
devices. Andre & Nie (2018) demonstrated a positive correlation between receptive
vocabulary and word identification in challenging listening conditions (i.e., in the
presence of background noise), and this correlation was expected to be replicated in this
study due to the lesser influence of degraded spectral resolution on speech recognition
compared to pitch discrimination. Because nonverbal intelligence has been shown to
correlate with speech perception in children with cochlear implants (Geers, Brenner, &
Davidson, 2003), this finding was also expected to show in this study.
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Lastly, this study sought to compare experimental measurement outcomes for the
pre-lingually deafened young CI users to non-musician NH children from Andre & Nie
(2018). Differences or similarities in outcome trends between the two listening groups
could be indicative of an effect of exposure to acoustic hearing upon the mechanisms
responsible for the interaction of timbre and pitch processing. It was expected that the
NH children would outperform the study group for both the MCI and word identification
tasks due to previously described frequency coding issues and poorer, though variable,
speech perception performance by pre-lingually deafened young CI users (Geers, 2004;
Jung et al., 2012; Wang et al., 2008).
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2. Materials and Methods
2.1 Participants
Eleven young cochlear implant users, between 8.75 and 22.17 years of age,
participated in the study, though two were excluded due to post-lingual implantation
(mean age of the 9 participants= 13.58 years, sd= 4.18 years). The study group is referred
to as "young", due to the fact that one 22-year old participant's (S9) data was included in
this study; however, all other participants were 16-years old or younger. Participants
underwent their first cochlear implantation surgery at ages between 9 months and 3 years,
yielding hearing ages between 69 and 250 months. All participants were native English
speakers and their most recent clinically-measured word recognition score was 60% or
better while listening through the cochlear implant on the side tested in the experiment
(see Procedure for details on the condition of unilateral listening configuration).
Participants took part in the study at one of two locations—James Madison University or
Eastern Virginia Medical School. Procedures were approved by the respective
Institutional Review Boards of these locations. Informed consent and assent were
obtained from the participant’s parent and the participant themselves prior to data
collection. Refer to Table 1 for further information regarding participants.
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Table 1
Demographic Information of the Pre-lingually Deafened Young Participants Using Cochlear Implants

Participant

S1
S2
S3
S4
S5
S6
S7
S8
S9

Etiology of
Hearing Loss

Age (Months)
First CI
Received

Chronological
Age (Months)

Side Tested
(Bilateral or
Unilateral CI
User)

Receptive
Vocabulary
Score (Raw
Score)

Nonverbal
IQ Score
(Raw
Score)

Auditory
Working
Memory
(Raw Score)

Unknown

36

105

L (bilateral)

Nucleus
CI512

94

36

9

Usher
Syndrome

14

160

R (bilateral)

Opus

186

31

14

Prematurity

13

108

R (bilateral)

Nadia CQ
90

113

28

10

Unknown

18

166

R (bilateral)

Nucleus 5

175

33

10

12

161

R (bilateral)

Sonnet

162

32

11

12

187

R (bilateral)

Opus 2

189

37

16

Unknown

15

122

R (bilateral)

Nucleus 6

146

31

9

Prematurity

9

192

R (unilateral)

Nucleus 5

174

32

10

Bacterial
Meningitis

16

266

R (unilateral)

Harmony

195

36

11 (see
Footnote
1)

Genetic
(Connexin
26)
Genetic
(Connexin
26)

Model
Information
of Tested CI
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2.2 Procedure
2.2.1 Cognitive Measures
Each participant’s testing began with a case history and questionnaire, requesting
information about history of implant use and musical experience/ confidence. Table 1
shows demographic information for participants gathered using a questionnaire (See
Appendix II). Next, they underwent a battery of cognitive assessments, in the following
order: the Peabody Picture Vocabulary Test-4 (PPVT-4, receptive vocabulary) (L. Dunn
& D. Dunn, 2007), Kaufman Brief Intelligence Test-2 (K-BIT2 matrices section, nonverbal intelligence) (A. Kaufman & N. Kaufman, 2004), and Comprehensive Test of
Phonological Processing-2 (CTOPP-2 Memory for Digits, auditory working memory)
(Wagner, Torgesen, Rashotte, & Pearson, 2013). The only exception to this testing was
Participant S9, who was instead tested with the Digit Span subtest of the Wechsler
Memory Scale-Revised (Wechsler, 1989); the score for the forward digit span was later
converted to an approximated score on the CTOPP-2 (See Footnote 1). Participants
completed these assessments with their typical listening configuration (bilateral CIs,
unilateral CI, or bimodal). Auditory memory tests were administered by the experimenter
speaking digit sequences aloud, with their mouth visually obscured, without repetition.
Raw scores for each assessment were used for statistical analysis.

1

Footnote 1: Participant S9's score was approximated for the CTOPP-2 by matching the sequence length of
the ceiling set obtained using the WMS-R
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2.2.2 Melodic Contour Identification
Following the completion of the cognitive tests, the MCI tests were administered.
The stimuli and testing procedure for the MCI task were adopted from previous studies
(Crew et al., 2015; Galvin et al., 2007, 2009; Nie et al., 2018). Stimuli were five-note
sequences that represented nine contour options with the note pitch varying in the
following patterns: rising, rising-flat, rising-falling, flat, flat-rising, flat-falling, falling,
falling-flat, and falling-rising (See Figure 1). The pitch difference between consecutive
notes was 1, 2, or 3 semitones. The notes were either Musical Instrument Digital
Interface (MIDI) piano samples (Galvin, Fu, & Oba, 2008) or sung speech (Crew et al.,
2015; Crew, Galvin, & Fu, 2016). For the piano sample, the lowest note pitch in a given
contour was A3 (220 Hz) and the highest was A4 (440 Hz). For sung speech, each of the
50 words shown in Figure 2 was produced by an adult male with the fundamental
frequency (i.e., pitch) at each semitone between A2 (110 Hz) and A3 (220 Hz). In a given
contour, the lowest note pitch was A2 (110 Hz) and the highest was A3 (220 Hz). For
more details regarding the sung speech stimuli, see Crew et al. (2015, 2016) and Nie et al.
(2018). Two sung speech conditions were tested: (a) fixed timbre, in which the same
word Bob was used for each note (‘‘Bob-Bob-Bob-Bob-Bob’’) and (b) random timbre, in
which words were randomly selected (for each trial) from within each category (name,
verb, number, color, and clothing) and used for each note (e.g., ‘‘Bob-sells-three-blueties’’). For piano and sung speech, all stimuli were normalized to have the same longterm RMS power. For each of the fixed and random timbre conditions, a block of 27
stimuli (9 contours X 3 semitone-spacings) was presented in random order (without
replacement). For the piano condition, participants were presented 54 stimuli for each
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block, including 3 additional semitone-spacings (i.e., 4-, 5-, and 6-semitones; 9 contours
X 6 semitone-spacings)—scores for these additional spacings did not factor into analyses
for this study (See Footnote 2). Nine response boxes, each representing a different
contour, were shown on a touchscreen. Either the experimenter (following the
participant’s indication) or the participant touched the response box corresponding to the
participant’s identification of the contour for each trial. No trial-by-trial feedback was
provided, and stimuli were presented once, without allowance for repetition.
Prior to the experimental MCI conditions, a familiarization was provided to each
participant with a preview of stimuli, followed by a number of practice blocks of 27
trials. For familiarization, stimuli consisted of pure tone note sequences of 4-, 5-, and 6semitone-spacings. During the preview, each of the nine contours was presented to a
participant multiple times with the correct corresponding response box signified on the
monitor screen. The preview was ended when the participant expressed understanding of
the association between the stimulus and the corresponding response box. The practice
was concluded when at least 3 blocks of 27 trials had been completed and percentage of
correct identification for blocks remained within 10% of the previous score.
For the 3 experimental conditions, the presumably easiest condition—Piano was
undertaken first for each participant to assist with the cooperation of the child
participants. The order of Fixed timbre and Random timbre was randomized within and
across participants. Custom software (Angel SoundTM;
http://angelsound.emilyfufoundation.org) controlled by a computer was used administer
the tasks. Stimuli were presented at 60 dBA via a loudspeaker (Realistic at EVMS and at

2

Footnote 2: Participant S4 only completed 3-, 4-, and 6- semitone-spacings for this piano MCI condition
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JMU) connected to an audiometer (Interacoustics AD629 at EVMS) or an amplifier
(Tucker-Davis Technologies RZ6 Auditory Processor at JMU). The loudspeaker was
located 1 meter from a participant at 0 degrees azimuth and 0 degrees elevation. A
touchscreen monitor controlled by the computer was used to deliver visual messages and
collect responses.
Figure 1
Melodic Contour Matrix

Figure 2
Word Matrix for Sentence Recall
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2.2.3 Word Identification
The next task performed was word identification, in which participants were
asked to identify five monosyllabic words within a 10x5 closed-set matrix of possible
options. This study implemented the same sung speech stimulus matrix used in Crew et
al. (2015) and Nie et al. (2018). This stimulus matrix, shown in Figure 2, consisted of 50
words sung by an adult male at each semitone between A2 (110 Hz) and A3 (220 Hz), as
well as spoken with a natural intonation. The matrix yields a sentence with a syntax
structure of name, verb, number, adjective, and clothing.
Three sentence intonation conditions (i.e., pitch contour conditions) were tested:
(a) Spoken speech, (b) Flat pitch contour, in which each word of the sentence was
produced at the same pitch (i.e., D#3, or 155 Hz), and (c) Random pitch, in which each
sentence was paired with 1 of the 27 contours used for MCI testing. Each intonation
condition consisted of 27 stimuli (same as for the MCI task).
Prior to the experimental conditions, participants were presented each of the 50
words at a pitch of A2 (110 Hz) to assure the words were in the participant’s vocabulary.
During testing, a sentence was randomly generated by selecting one word from each of
the five categories (name, verb, number, color, and clothing). The participants selected
the words shown on a touchscreen which best matched what they heard. They responded
by either touching the screen themselves or by the experimenter following their verbal
responses. Participants were instructed to select words that they believed they heard in
any order (i.e., if they recalled the 1st, 4th, and 5th word, they should select those rather
than feeling obligated to select words 1-5 in sequential order), as well as to indicate their
closest guess on words they were unsure of. Once all five response words were selected,
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the “Next” button was clicked, and a new sentence was randomly generated. As with the
MCI task, no trial-by-trial feedback was provided, and stimuli were presented one time
(no repeating of stimuli). For more details about the speech testing, see Crew et al. (2015,
2016) and Nie et al. (2018). The presentation order of pitch contour conditions was
randomized within and across participants. The stimuli were presented at 60 dBA via a
loudspeaker with apparatus identical to that of the MCI task (see the section of Melodic
Contour Identification Stimuli and Testing).
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3. Results
3.1 Pre-lingually deafened young cochlear implant user results
3.1.1 Melodic Contour Identification
Figure 3 shows percent correct identification of melodic contours by semitonespacing for each timbre condition. There is variability of scores from 0 to 100% across
participants for both the Piano and Fixed timbre conditions, and 0 to 88.9% for the
Random timbre condition. Larger semitone-spacing conditions resulted in trends towards
higher identification scores across all timbre conditions. Performance in identification for
the Random timbre condition shows trends towards lower scores compared to other
timbre conditions.
Melodic contour identification scores were analyzed using a Linear Mixed Effects
(LME) model within the IBM SPSS Statistics 24 software program (IBM Corp, 2016).
Melodic contour identification scores were transformed from percent correct to
Rationalized Arcsine Units (RAU) (Studebaker, 1985) prior to statistical analysis. In this
model, the fixed effects of timbre, semitone-spacing, and their interaction on the
dependent variable of MCI RAUs were analyzed with the random effects of individual
participants and various intercepts. Results revealed significant effects of timbre (p=
0.002) and semitone-spacing (p= 0.002), and no significant interaction of timbre ×
semitone-spacing (p> 0.05). Post-hoc Bonferroni pairwise comparisons showed
significantly poorer performance with Random timbre than with Piano and Fixed timbre
(both p values < 0.05); there was no significant difference in performance between Piano
and Fixed timbre conditions (p> 0.999). Additionally, post-hoc Bonferroni pairwise
comparisons showed significantly better performance with 2- and 3-semitone-spacings
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than with 1-semitone-spacing (both p values <0.008), but no difference between the 2and 3-semitone-spacings (p> 0.999). Results of the analyses are summarized in Table 2.
Figure 3
Melodic Contour Identification Accuracy by Timbre and Semitone-Spacing

Note. Boxplots for Melodic Contour Identification Accuracy by Timbre and SemitoneSpacing. The boxes show the 25th to 75th percentiles, whiskers indicate the furthest data
point within Tukey fences, 1.5*Interquartile Range (IQR), from the box hinges, the
circles show outliers, the horizontal lines show median performance, and the diamond
symbols show mean performance.
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Table 2
Statistical Outcomes for MCI and Word Identification Linear Mixed Effects Models
and Post Hoc Analyses
df, res
F
p
Post hoc (p< 0.05)
MCI
Timbre
2, 62
6.85**
0.002
Piano, Fixed > Random
Semitone-Spacing

2, 62

6.86**

0.002

2, 3 > 1

Timbre ×
Semitone-Spacing
Word
Identification
Pitch Contour

4, 62

0.15

0.96

NS

2, 112

35.56***

<0.001

Spoken > Flat, Random

Word Position

4, 112

5.31***

0.001

1, 2> 4

Pitch Contour ×
Word Position

8, 112

1.41

0.200

NS

3.1.2 Word Identification
Figure 4 shows word identification in percent correct scored by word position for
each pitch contour conditions. Accuracy of identification ranged from near-chance to at/
near-ceiling for each word position, with Spoken conditions resulting in the best word
identification and the other two contours being comparably worse, though identification
for all contours exhibited large variability.
Word identification scores were analyzed using a Linear Mixed Effects (LME)
model with the IBM SPSS Statistics 24 software program (IBM Corp, 2016). Word
identification scores were transformed from percent correct to Rationalized Arcsine Units
(RAU) (Studebaker, 1985) prior to statistical analysis to resolve non-linearity in residuals
of the model. In this model, the fixed effects of pitch contour, word position, and their
interaction on the dependent variable of Word ID RAUs were analyzed with the random
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effects of individual participants and various intercepts. Results revealed significant
effects of pitch contour (p< 0.001) and word position (p= 0.001), and no significant
interaction of pitch contour x word position (p> 0.05). Post-hoc Bonferroni pairwise
comparisons showed significantly poorer performance with Flat and Random pitch
contours than with Spoken (both p values< 0.05); there were no significant differences
between these two unnatural intonation conditions (p> 0.999). Additionally, post-hoc
Bonferroni pairwise comparisons showed significantly poorer identification scores for the
4th word than for the 1st and 2nd words (both p values< 0.006), but no differences for other
pairwise comparisons (p> 0.05). Results of the analyses are summarized in Table 2.
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Figure 4
Word Identification by Word Position and Pitch Contour

Note. Boxplots for Word Identification by Word Position and Pitch Contour. The boxes
show the 25th to 75th percentiles, whiskers indicate the furthest data point within Tukey
fences, 1.5*Interquartile Range (IQR), from the box hinges, the circles show outliers, the
horizontal lines show median performance, and the diamond symbols show mean
performance.
3.1.3 Cognitive Measures and Correlations
Receptive vocabulary ranged from 94-195 for raw scores and from 72-107 (M=
91.78, SD= 10.53) for standard scores (based on the chronological age for typically
developing children). The nonverbal IQ score ranged from 28-37 for raw scores and from
90-129 (M= 101.56, SD= 11.30) for standard scores (based on the chronological age for
typically developing children with normal hearing). Forward auditory digit span scores
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ranged from 9 to 16 for raw scores and from 5 to 11 (M= 7.12, SD= 2.23) for standard
scores (based on the chronological age for typically developing children with normal
hearing) (note previous discussion on score of S9 in Methods section). See Table 1 for
individuals' raw scores on each measure.
Correlational analyses were performed between participants' cognitive measures
and their MCI scores and identification scores for selected words. Bonferroni correction
was applied following correlation for identification of significant outcomes. Table 3
provides a summary of the results. Melodic contour identification and word identification
scores were analyzed separately for their correlations with cognitive measure task scores
and hearing age. Scores were analyzed in the Rationalized Arcsine Unit form for both
MCI and Word ID. Due to statistically indistinct performance between the 2- and 3semitone-spacing conditions, MCI data were averaged for these two spacings for both the
Fixed and Random conditions. These averaged MCI scores across the two larger spacings
(collapsed 2- and 3-semitone calculated values) highly correlated between Fixed and
Random conditions (p< 0.001), so the two were further collapsed to provide a single MCI
score for complex timbre conditions at larger semitone-spacings for analysis. Scores for
MCI performance at 1-semitone-spacing were not found to correlate across the timbre
conditions of Fixed and Random, nor did they correlate to the MCI accuracy at larger
spacings. MCI at larger spacings for complex timbres was significantly correlated with
forward digit span (r= 0.851, p= 0.004), and no other correlations were found significant.
Analyses were not performed with results from the Piano condition due to
missing data for Participant S4 within this condition. Separate analyses including Piano
conditions did not alter results reported here. Further analyses of Word Identification
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examined correlation between demographic factors and cognitive task measures with the
highest and lowest Word Identification scores. The highest scores for Word Identification
were represented by a collapsed value for the 1st and 2nd words across the 3 pitch
contours, which did not show significant difference, as previously discussed—these
highest values were not found to be correlated with demographic factors or cognitive
skills. The lowest Word Identification scores were represented by the collapsed pitch
conditions of the 4th word position, which was statistically worse than the 1st and 2nd
position scores (though not the 3rd or 5th) and was found to be correlated with forward
digit span scores (r= 0.874, p= 0.002).
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Table 3
Summary of Correlation Analyses for Cognitive Measures, MCI Scores, and Selected Word Identification Measures
MCI at Larger
Spacings
r
p

MCI for Fixed, 1semitone-spacing
r
p

MCI for Random,
1-semitone-spacing
r
p

Word ID
(P1 & P2)
r
p

Word ID (P4)
r

p

Hearing Age

0.172

0.658

0.531

0.142

-0.025

0.949

0.515

0.156

0.558

0.118

Receptive
Vocabulary

0.508

0.162

0.786

0.012

-0.238

0.537

0.752

0.019

0.805

0.009

Nonverbal IQ

0.180

0.643

-0.133

0.733

0.060

0.878

0.118

0.762

0.268

0.486

Forward Digit Span 0.851*

0.004

0.514

0.157

-0.278

0.469

0.722

0.028

0.874*

0.002

Music Confidence

0.460

0.213

0.334

0.380

0.286

0.456

-----

-----

-----

-----

MCI (Larger
Spacings)

-----

-----

-----

-----

-----

-----

0.621

0.074

0.743

0.022

MCI for Fixed, 1semitone-spacing

-----

-----

-----

-----

-----

-----

0.503

0.167

0.585

0.098

MCI for Random,
1-semitone-spacing

-----

-----

-----

-----

-----

-----

-0.321

0.400

-0.457

0.217

Note. Correlation of Music Confidence with Word Identification was not a planned examination of this study and was thus not
included in result analyses. Correlation of outcomes across Melodic Contour Identification condition types was completed prior to
data collapse for final correlation analyses but were not of interest to outcomes beyond the extent reported in this paper's text. "MCI
at larger spacings" represents the collapsed value for 2- and 3-semtione-spacings for Fixed word and Random sentence conditions.
*= significance at the p<0.05 level following Bonferroni correction
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3.2 Comparison of CI and NH findings
Data from this study were compared with measures from children with normal
hearing documented in a previous publication (Nie et al., 2018). This data was from
fifteen NH children, aged between 97 and 175 months, with no intensive musical
experience. These CI and NH groups did not differ in age (p= 0.510).
3.2.1 Melodic Contour Identification
Figure 5 shows the MCI scores for both the CI participants and the 15 nonmusician NH children from our previous work (Nie et al, 2018). NH listeners performed,
on average, 19.79 percentage points better than CI listeners, at 27.49, 14.27, and 17.68
percentage points better for 1-, 2-, and 3-semtione-spacings, respectively.
Linear Mixed Effects modeling was used for analysis of the dependent variable of
Melodic Contour Identification RAUs, with fixed effects of Listener Group, Timbre,
Semitone-Spacing, and all two-way interactions of these fixed effects, as well as
participant-based and various random intercepts. The main effects were found significant
for Timbre [F(2, 178.139)= 15.13, p< 0.001] and Semitone-Spacing [F(2, 178.057)=
5.78, p= 0.004]; but not for Listening Group, [F(1, 22.049)= 2.90, p= 0.103]. There was a
significant interaction between Listener Group and Semitone-Spacing [F(2, 178.139)=
3.117, p= 0.047]. Following the significance of Timbre effect, post-hoc Bonferroni
pairwise comparisons showed significantly poorer scores for Random than Fixed or
Piano timbre conditions (p < 0.001 in both cases); following the significance of
Semitone-Spacing, post-hoc Bonferroni pairwise comparisons showed significantly
poorer scores at 1-semitone-spacing than at either 2- (p= 0.015) or 3-semitone-spacing
(p= 0.008). For the CI group, as stated previously, significantly poorer scores for 1-
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semitone-spacing than for 2- or 3-semitone-spacing were observed (both p< 0.008).
Pairwise comparisons showed that performance did not differ between 1-, 2-, and 3semitone-spacings for NH children (p> 0.05 for all pairwise comparisons).
Figure 5
MCI for Cochlear Implant (CI) and Normal-Hearing (NH) Groups by Semitone-Spacing
and Timbre

Note. Boxplots illustrating MCI accuracy for Cochlear Implant and Normal-Hearing
groups by Semitone-Spacing and Timbre. Each of the three vertical panels represent
outcomes for a different Timbre condition. The boxes show the 25th to 75th percentiles,
whiskers indicate the furthest data point within Tukey fences, 1.5*Interquartile Range
(IQR), from the box hinges, the circles show outliers, the horizontal lines show median
performance, and the diamond symbols show mean performance.
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3.2.2 Word Identification
Figure 6 shows the sentence recognition scores for both the CI participants and 10
non-musician NH children who completed the task from our previous work (Nie et al,
2018). NH listeners performed, on average, 45.65 percentage points better than CI
listeners, at 42.54, 51.49, and 42.91 percentage points better for the Flat, Random, and
Spoken contours, respectively.
The Linear Mixed Effects model was used for analysis of the dependent variable
of Sentence Identification RAUs, with fixed effects of Listener Group, Pitch Contour,
and their interactions, as well as participant-based and various random intercepts. As
shown in Figure 6, main effects of Listener Group [F(1, 17)= 17.97, p= 0.010] and Pitch
Contour [F(2, 34)= 12.23, p< 0.001] were significant, but not their interaction (p= 0.083).
Post-hoc T tests with Bonferroni correction showed that Spoken timbre resulted in better
Word Identification than Flat or Random (p< 0.001 and p= 0.004). Also, NH children
performed better than the young CI users across the Flat, Random, and Spoken conditions
(p= 0.001, p< 0.001, p= 0.003).
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Figure 6
Sentence Identification Scores by Listener Group and Pitch Contour

Note. Boxplots for Sentence Identification by Listener Group and Pitch Contour. The
boxes show the 25th to 75th percentiles, whiskers indicate the furthest data point within
Tukey fences, 1.5*Interquartile Range (IQR), from the box hinges, the circles show
outliers, the horizontal lines show median performance, and the diamond symbols show
mean performance.
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4. Discussion
The current study examined how variation of pitch or timbre affects processing of
the other cue in pre-lingually deafened young CI users. Our results show that the ability
of this study's participants to identify melodic contour depends on note-by-note F0
differences and is negatively affected by increase in timbre complexity. These CI users
have more difficulty identifying speech with unnatural pitch contours than speech with a
natural contour, demonstrating an effect of pitch complexity on timbre perception. In
general, participants' auditory working memory capacity played a robust role in their
ability to perform melodic contour and word identification tasks.
The pattern by which timbre variation affects the MCI by pre-lingually deafened
young CI users appears to be consistent with findings in the literature of post-lingually
deafened adult CI users (Crew et al, 2016, Galvin et al., 2008; Galvin et al., 2009) and
NH young listeners (Nie et al, 2018). That is, when the timbre is consistent within and
across trials, such as the Piano and Fixed timbre conditions, it is easier for listeners to
identify pitch contours, compared to conditions when the timbre is varied within and
across trials such as the Random timbre condition in the current study. As discussed in
Nie et al. (2016), this effect of timbre variation on pitch contour identification may be
partly confounded by the linguistic component for the Random timbre condition. Future
studies using speech stimuli systematically varying in the amount of linguistic
information conveyed may help disentangle this potential mixed effect. Furthermore, the
extent of the timbre effect on MCI is comparable between the current pre-lingually
deafened young listeners and their peers with normal hearing lacking extensive musical
training experience. These CI listeners, with limited to no acoustic stimulation
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experience, show trends for the influence of timbre and pitch contour variation upon one
another remarkably similar to their NH peers. Aside from the notable discrepancy of MCI
accuracy for the 1-semitone-spacing condition, this finding echoes the findings of Nie et
al. (2018), which showed the trends of effects of timbre and pitch contour upon one
another to be similar for NH children and adults, marking no changes in the patterns of
these variables' influence with a longer span of acoustic auditory experience. Omitting
the discrepancy, which can be attributed to the deficiency of cochlear implants to deliver
sufficiently discriminable frequency resolution at a peripheral level, this suggests that
timbre and pitch's interplay is independent of acoustic auditory experience.
Interestingly, the current CI listeners’ overall MCI performance is not worse than
their NH peers'. This lack of differences is largely attributed to the CI listeners’
comparable ability to NH peers at 2- and 3-semitone spacings. At the 1-semitone spacing,
CI listeners’ performance is much poorer than their NH non-musician peers. Previous
studies (Jung et al, 2012; Deroche et al 2014) using static complex tone stimuli have
found that frequency discrimination thresholds of child and adolescent CI users are 2-3
semitones on average, whereas NH children reach an average threshold of 10-30 cents
(Deroche et al 2014; Deroche et al 2012). The F0 difference between successive notes in
the 1-semitone spacing condition was 2-3-fold below the CI listeners’ average frequency
discrimination threshold. As a result, CI listeners were unlikely to discriminate the
successive notes so that they could identify the direction of frequency change, leading to
the poorer-than-normal performance. On the other hand, at 2- and 3-semitone spacings,
which are at the threshold of discriminability for adjacent notes, CI listeners were able to
identify melodic contours at the performance level of their NH peers. Different from
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frequency discrimination measured with static stimuli, melodic contour identification is
measured using dynamic stimuli whose frequencies change over a period of time. Similar
to our finding, Deroche et al. (2016) have reported a small overlap in the ability to
discriminate dynamic stimuli— using frequency sweeping complex tones—between CI
and NH listeners. In contrast to frequency discrimination, which is thought to primarily
involve peripheral processing, identification of dynamic stimuli, such as melodic contour,
may involve perception of the global pattern over the duration of the stimulus, requiring
cortical network processes (Johnsrude, Penhune, & Zatorre, 2000; Lee, Janata, Frost,
Hanke, & Granger, 2011; Tramo, Cariani, Koh, Makris, & Braida, 2005). We speculate
that this cortical processing may provide top-down facilitation for the CI listeners to
compensate for the peripheral deficit in frequency discrimination, once the spectral
differences of stimuli reach the discrimination threshold at the periphery. This model is
supported within this study by a positive correlation shown between auditory working
memory (which is at least partially attributed to auditory cortex function) and
identification of melodic contours with note-by-note differences at- or near-thresholds for
frequency discrimination by CI listeners (Kumar et al., 2016).
Like the effect of timbre variation on MCI performance, the pattern that the
variation of pitch contour affects sentence recognition is comparable between prelingually deafened young CI listeners and NH child listeners without extensive musical
experience (Nie et al, 2018) or post-lingually deafened adult CI users (Crew et al, 2016).
That is, deviations from natural speech intonation degrade identification of words to the
same extent regardless of the complexity of the variation of pitch contours. This finding
emphasizes the highly robust cue of natural intonation for word identification through
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acoustic or electrical auditory signals, regardless whether listeners have had experience
with acoustic hearing.
The temporal placement of a word in a sentence plays an important role for the
participants’ word identification. Despite the words used to construct sentences in the
Sung Speech Corpus being simple words in a closed-set that are readily within
participants' vocabulary, the current CI users still showed a deficit of approximately 46
percentage points in sentence identification compared with their NH peers. Even with the
naturally-intonated sentences, the CI users were only able to correctly recognize, on
average, 40% of the full sentences, which drastically contrasts their highest word
recognition scores (word positions 1 and 2), with an average of 71%. This inconsistency
is partly due to the poorer recognition of the 4th words in test sentences, with an average
identification score of 60%, in contrast to the average score of 69% for the other words
(1, 2, 3, and 5). A trend is noted, by visual inspection of Figure 4, such that the
recognition scores for the 4th word are roughly comparable across all three pitch contour
conditions, while the scores for other words are clearly greater under the naturallyintonated condition than the two unnaturally-intonated conditions. The above differences
in the recognition pattern between the 4th and other words may be explained by the
finding that the auditory working memory plays a dominant role in the recognition of the
4th word, but not for the recognition of other words. Overall, our results show that
although CI listeners may well recognize single words in sentences at a snapshot, they
still experience substantial difficulties when identifying running sentences as short as 5
words and with a duration of less than two seconds.
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When listening to the 5-word sentences in the closed-set Sung Speech Corpus, it
appears to be easier for the current CI listeners to recognize the words occurring earlier
(i.e., 1st and 2nd) in a sentence than the word presented second to the last. This pattern is
consistent with our data on NH children who were examined using the same methods
(Andre & Nie, 2018). However, unlike NH children, who scored higher for the final word
than all other words in a sentence, CI listeners tended to score comparable or lower for
the final word than for the earlier words (68.32% accuracy for position 5, compared to
70.78%, 70.74%, 63.52%, and 59.54% for word positions 1-4, respectively). This trend
potentially reflects different listening strategies or limitations for each group, with these
young CI listeners perhaps exhausting greater cognitive resources towards the beginning
of sentences, without residual ability to support recognition of the final sentence element,
irrelevant of cognitive ability measures examined in this study.
Absence of interaction between the Listener Group (pre-lingually deafened young
CI listeners and NH child listeners without musical training) and Pitch Contour variables
for word identification was unexpected, as literature suggests greater vulnerability to
"atypical" contours (Ji et al., 2014) by adult CI listeners compared to NH adults (Crew et
al., 2016). However, this result could potentially be attributed to ceiling effects for the
NH child listeners and floor effects for this study's participants in the word identification
task. Thus, controlling such ceiling and floor effects is one of the considerations for
future studies examining such interaction.
The current CI listeners scored within the aged-based normal limits for receptive
vocabulary, auditory working memory, and nonverbal IQ. The average standard score for
the Memory for Digits (forward digit span) subtest of the CTOPP-2, which was used to

35
assess auditory working memory, is 10, with a standard deviation of 3. Auditory working
memory positively correlated with identification of melodic contours with sufficient noteby-note F0 differences to be discriminable by CI listeners and was also correlated with
identification of the 4th word position of sentences for the word identification task. As
previously detailed, an effect of receptive vocabulary on both pitch and timbre perception
has been noted in NH children; this effect was not observed in this study. While
participants' scores for receptive vocabulary were within age-based normative ranges,
limitation of performance by restriction to degraded signals may have rendered this effect
null; it is further possible that their listening strategies do not make use of the
mechanisms involved in receptive vocabulary during this experimental tasking to the
same extent as NH listeners do. Nonverbal IQ was also not found to correlate with either
measure, contrary to Geers et al. (2003), but in agreement with Torppa et al. (2013) and
Andre & Nie (2018). Other demographic factors, such as pre- and post- implantation
musical confidence/ experience bore no correlation to MCI or Word Identification
outcomes, potentially due to misalignment of unexpectedly high self-ratings to task
performance by these young listeners, or perhaps due to inadequate questionnaire
validity. Lastly, no effect of age or hearing age upon MCI or Word Identification was
seen; this finding aligns with Nie et al. (2018), in which NH peers without musical
training showed no significant effect of age upon task performance.
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5. Conclusion
This study measured pitch contour recognition, timbre perception (via word
identification), the interaction of these two factors, and potential neurocognitive and
demographic predictor variables for outcomes of these measures in pre-lingually
deafened young cochlear implant users. These findings were compared to outcomes from
normal hearing peers, as well as trends in the literature for normal hearing adults and
post-lingually deafened cochlear implant listeners.
In this study, pre-lingually deafened young cochlear implant users demonstrated
melodic contour identification comparable to their NH peers when sufficient frequency
difference was present in note-by-note differences to reach threshold for discrimination.
Furthermore, a significant correlation of auditory working memory to pitch contours with
discriminable frequency differences and complex timbres was observed. This finding is
potentially accounted for by necessary involvement of top-down processing for melodic
sequences. For this MCI task, the trend of timbre interference on pitch perception
followed trends for other listening groups, where contours with timbre remaining the
same in and across trials (Piano and Fixed word) were more accurately identified than for
contours that varied in and across trials (Random word).
In the word identification task, abnormal pitch contours (Flat and Random),
resulted in poorer accuracy for word identification than for Spoken contours; this finding
is in-line with trends in the literature. However, these pre-lingually deafened young CI
users did not experience more decrement due to the abnormal timbre than NH children
did, unlike findings in which NH adults have experienced less decrement to performance
than post-lingually deafened adult CI users. Unlike NH children, this group experienced
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different trends for recognition accuracy dependent on word position within concatenated
sentences. Auditory working memory was found in both groups to significantly correlate
with identification of select word positions, with Word Position 4 being positively
correlated in both groups, but the least accurately identified. Similarly, nonverbal IQ was
not found to be a significant correlate of word identification in either of these listener
groups. However, unlike NH children, who identified the 5th word of these sentences
most accurately, these children CI users most accurately identified the 1st and 2nd word
positions, indicating a different weighting of cognitive expenditure.
In summary, acoustic hearing experience does not seem to bear any relevance
upon trends for change in perception by interaction of timbre and pitch variables. While
pre-lingually deafened young cochlear implant listeners perform worse relative to their
NH peers in word identification measures, pitch contour identification is comparable
when note-by-note differences are discriminable. Further studies may aim to examine
potential discrepancies between groups for MCI or word identification scores in noisy or
challenging listening conditions in correlation to neurocognitive measures, as these
challenging tasks may parse out reliance on different processing strategies; however,
tasks utilizing challenging listening conditions will need to navigate floor effects child CI
users may experience.
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Appendix I: Extended Literature Review
Overview of Timbre and Pitch Perception
Pitch and timbre are two definitionally distinct perceptions of physical attributes
of auditory signals. Pitch refers to subjective perception of frequency, as is based on
fundamental frequency (F0) and harmonic content for a single sound and can be affected
by the sequence of sounds surrounding the signal of interest. This influence on perception
by surrounding sounds was investigated by Dowling and Fujitani (1971) through
experimental alteration of harmonic content, melodic contour, and note-by-note
frequency intervals of melodies and their effects on melody recognition by a group of
undergraduate students. Perception of pitch allows for, among many abilities, evaluation
of vocal emotion, identification of talkers, segregation of sound sources, and recognition
of lexical tones. Pertaining to vocal emotion, Murray and Arnott (1993) described pitch
in emotional speech as having both higher, on average, and more variable fundamental
frequency for emotional speech, as well as concluding that different emotions exhibit
differing degrees of alteration form unemotional speech. Luo, Fu, and Galvin (2007)
examined identification of spoken emotions in both NH and CI populations,
systematically altering variables such as overall amplitude, number of frequency channels
and envelope filter cutoffs—the latter two characteristics, which both carry implications
to perception of pitch, were observed as significantly correlated to emotion identification.
Carey, Parris, Lloyd-Thomas, and Bennett (1997) estimated that for 98% of instances in
their study, gender of a talker could be identified based merely on mean voice pitch,
yielding one factor largely contributing to speaker identification. Among many studies
for sound segregation based on pitch, Nelson and Jin (2004) found that reduction of
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frequency channels for a signal decreases both NH and CI listeners' ability to parse the
signal from gated interferers. Lastly, Deutsch, Henthorn, and Dolson (2004) detailed a
framework by which speakers of tonal languages may acquire perception of absolute
pitch, and how this could pertain to both perception of pitch necessary for recognition of
lexical tones and a sensitive period within which development of the skill would need to
take place.
Timbre has been defined by some as perception of the acoustic features remaining
when fundamental frequency, loudness, and duration are controlled for (Grey, 1975)—or
more specifically as features such as spectral and temporal envelope (Moore, 2008).
Timbre has been broadly documented in the recognition of phonemic information for
speech by procedural masking of formant information (Swanpoel, Oosthuizen, &
Hankom, 2012) or mutation of formant frequency and amplitude change over time
(Carlson, Granström, & Klatt, 1979; Goswami, Fosker, Huss, Mead, & Szűcs, 2011). In
music, timbre is used for identification of musical instruments, as observed by Saldanha
and Corso (1964) in a study of trained musicians' ability to identify musical instruments
based on select acoustic cues such as vibrato and attack.

Interaction Between Timbre and Pitch Percepts for Different Listener Groups
Perception of timbre and pitch have been noted to interact in both normal hearing
children (Nie et al., 2018) and adults (Allen & Oxenham, 2014). Nie et al. (2018) used
the Sung Speech Corpus (Crew et al., 2015) to assess any interaction of timbre and pitch
perception in a group of NH children divided by musicianship status; the authors found
that when timbre was varied within and across trials measuring melodic contour
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identification, performance was significantly worse than when timbre was consistent
within and across trials. For word identification, there was a trend in these NH child
listeners to perform worse when sentences were produced with atypical pitch contour
(trials could be presented with words in concatenated sentences conforming to any one of
nine potential contours) compared to when sentences were presented featuring contours
of naturally spoken speech. The work of Allen and Oxenham (2014) measured difference
limens for fundamental frequency and spectral centroid, with and without random,
concurrent variations of the other cue—the authors concluded from this study that
difference limens for either characteristic by this listener group experience decreased
sensitivity with interference of the other variable.
Cochlear implant listeners receive signals with degraded frequency resolution due
to device limitations. Due to this impaired transmission of frequency, and subsequently
perception of pitch, CI users have been documented to have significantly worse ability
for identification of melodic contours and musical timbre perception relative to normal
hearing listeners. Crew, Galvin, Landsberger, and Fu (2015) found that bimodal cochlear
implant users primarily relied on acoustic hearing via their hearing aid for identification
of melodic contours presented as MIDI piano signals due to advantages for pitch
representation. Dorman, Gifford, Spahr, and McKarns (2008) showed that individuals
utilizing electric and acoustic stimulation (EAS) score significantly worse for melody
recognition when limited to the electric modality, but that EAS and acoustic alone
recognition were not significantly different. Galvin, Fu, and Nogaki (2007) tested both
melodic contour identification and familiar melody recognition by a group composed
mostly of post-lingually deafened adult cochlear implant listeners, revealing variable but
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poor performance across experimental conditions examined in the study, such as the
interval between successive notes in each contour presented. For musical timbre, Kong,
Mullangi, Marozeau, and Epstein (2011) tested a group of cochlear implant listeners ages
15-63, most of whom were post-lingually deafened, examining perceptual space for
timbre characteristics of synthesized musical instruments, finding that unlike NH
listeners' use of 3 dimensions (based on temporal and spectral envelope, as well as
spectral fine structure), these CI listeners mainly relied on temporal envelope features,
and weakly upon spectral envelope features.
Similar to NH listeners, studies of post-lingually deafened adult CI users have
marked an interaction of pitch and timbre cues in perception of each variable. For
processing of timbre, as measured by word identification, Crew, Galvin, and Fu (2016)
used their Sung Speech Corpus and showed that while these CI listeners display the same
trends for decrement by abnormal pitch contour as NH adults, the degree of decrement
was greater for these CI listeners. For melodic contour identification accuracy, an
interaction effect of musical timbre for post-lingually deafened adult CI users has been
documented using instruments such as organ, glockenspiel, trumpet, clarinet, violin, and
piano, which differ in terms of spectral and temporal envelope (Galvin, Fu, & Oba, 2008;
Galvin, Fu, & Shannon, 2009).

Basis for Examination of Pre-Lingually Deafened Young Cochlear Implant Users
While all of the aforementioned listener groups, NH children and adults, as well as
post-lingually deafened cochlear implant users, have all experienced some period of
acoustic hearing, pre-lingually deafened cochlear implant users do not have such
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experience, and could potentially develop different trends for listening strategies and
mechanisms as a result. Implantation during an estimated window of auditory plasticity out
to 3 years of age may result in near-normal rates of auditory development, as measured by
parents' subjective rating of their children via Advanced Bionics' Infant-Toddler
Meaningful Auditory Integration Scale (IT-MAIS) (McConkey Robbins, Kock, Osberger,
Zimmerman-Phillips, & Kishon-Rabin, 2004) or by auditory-evoked cortical potentials (P1
latency, assessing the auditory thalamus and cortex) (Sharma, Dorman, & Spahr, 2002).
Furthermore, just as post-lingually deafened CI users experience deficits in spectral
resolution due to device limitations, so to do these pre-lingually deafened young CI users—
using a static pitch discrimination task, Deroche, Lu, Limb, Lin, and Chatterjee (2014), as
well as Jung et al. (2012) have found the threshold for this CI group to be 2-3 semitones;
significantly greater than the 10-20 cent threshold for NH children. Deroche, Kulkarni,
Christensen, and Limb (2016) went on to study this discrimination threshold using dynamic
sweeps of pitch for NH and CI user adults and children, finding comparable results for
thresholds noted in other studies, with overall worse thresholds for CI users, but a similar
amount of improvement in threshold by age group for NH and CI listeners, attributed to a
developmental effect.
While pre-lingually deafened child CI users were assessed by Innes-Brown et al.
(2013) and Sjoberg et al. (2017) for musical timbre discrimination and by Jung et al. (2012)
for melodic contour identification, with both tasks being found to be decremented for these
CI users relative to their age-matched NH peers, there are not currently any studies of
interaction between outcomes for these two assessments for this CI group.
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Neurocognitive Measures
In addition to the aforementioned assessments into interaction of timbre and
melodic contour recognition, this study also sought to examine potential correlations of
these outcomes to neurocognitive measures of auditory working memory, receptive
vocabulary, and nonverbal IQ due to potential for increased involvement of top-down
processing strategies for these pre-lingually deafened cochlear implant users due to
degraded auditory cues by their devices. Kronenberger, Pisoni, Henning, Colson, and
Hazzard (2010) measured auditory working memory with both forward and backward
digit span tasks, observing an initial increase for both measures, as well as speech
perception, following auditory working memory training; however, this effect of increase
in auditory working memory was seen to decline at both 1- and 6- month follow-up
appointments. More recently, Nittrouer, Caldwell-Tarr, and Lowenstein (2013)
demonstrated an independence of storage and processing mechanisms for auditory
working memory using measures of recall accuracy and rate of recall for sequences of
rhyming and non-rhyming nouns and adjectives. These two components of auditory
working memory, storage and processing, are only a couple of a multiple component
framework for auditory working memory developed by Baddeley (1966, 1992, 1995,
2007), including a "phonological loop" implicated in storage, a "central executive"
responsible for regulation of processing, and an "episodic buffer" which integrates longterm memory with short-term experience. The study conducted by Kronenberger et al.
(2010) is not alone in use of digit span tests to assess auditory working memory—in
assessments demonstrating correlation of these CI listeners' performance for auditory
working memory with speech recognition tasks, these forward and backward digit span
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tasks have been used to provide an estimation of auditory working memory, though
backward digit span is considered to more holistically assess the Baddeley model through
additional use of the processing mechanism (Nittrouer, Caldwell-Tarr, Low, &
Lowenstein, 2017; Pisoni, 2000; Pisoni & Geers, 2000; Pisoni, Kronenberger, Roman, &
Geers, 2011; Pisoni & Cleary, 2003). Speech recognition has also been examined to
positively correlate with receptive vocabulary measured via the Pre-school Language
Scale, 4th edition and Peabody Picture Vocabulary Test for this group of CI users
(Blamey et al., 2001; Ching et al., 2018). Geers, Brenner, and Davidson (2003) used the
Video Game Test of Speech Pattern Contrast Perception (Boothroyd, 1997) in assessment
of nonverbal IQ for pre-lingually deafened child CI users, noting a positive correlation in
outcomes, with nonverbal IQ being the greatest of their assessed predictors for speech
recognition. As for correlation of melodic contour identification to these neurocognitive
factors, Torppa et al. (2014) observed a positive correlation of auditory working memory
measured via forward digit span, but no correlation was noted between MCI and
nonverbal IQ measured using a performance intelligence quotient.
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Appendix 2: Participant Demographic Questionnaire
Survey questions:

Subject Code: ______
Questions:
Day/Month/Year of birth: ________
Age: ______
--------------------------------------------------------------------------------------------------------------------1. At what age was your hearing loss diagnosed?
2. At what age did you noticed substantial difficulty in communication due to hearing
loss, even with using hearing aid(s)?
3. At what age did you receive the cochlear implant(s)? 1st implant:______2nd
implant:_____
4. Was hearing loss a result of a medical or health condition?
Yes_________________ No_____________
If yes, what was the condition? Are you currently in that condition?
5. How many hours do you keep your cochlear implant(s) on per day on average?
6. Do you speak any languages in addition to English?
7. Did you play any musical instruments before receiving a cochlear implant? If so, had
you received any training?
Yes_______. For how long?_____________. No________________
8. Do you currently play musical instruments?
____________

Yes _________

No

9. On a scale of 1 to 10 (1 being not confident; 10 being very confident) rate your
musical ability.
Before Cochlear Implantation (when hearing was normal or near normal)
After Cochlear Implantation:
10. On a scale from 1-10 (1 being not confident and 10 being very confident) rank your
ability on discriminating pitches of tones in music.
Before Cochlear Implantation (when hearing was normal or near normal):
After Cochlear Implantation:
11. Have you been diagnosed with a neuropsychological disease? If yes, what is it?
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